Food and clinical isolates of Listeria monocytogenes recovered from four different outbreaks of listeriosis were analyzed by their PCR-based randomly amplified polymorphic DNA (RAPD) patterns to verify their causal relationships. The generation of DNA fingerprints by PCR-based RAPD analysis is a fast and sensitive method for the epidemiological tracking and identification of bacteria implicated in food poisoning outbreaks. The L. monocytogenes strains used in the study were obtained from the following four outbreaks: California, 1985, Mexican-style cheese; Canadian Maritime Provinces, 1981, coleslaw; Canada, 1989, brie cheese; and Canada, 1989, alfalfa tablets. RAPD profiles were generated by using random 10-mer primers for at least one food and one clinical isolate recovered from each outbreak. Identical profiles for 20 different primers were observed for each pair of food and clinical isolates from two of the four outbreaks. Isolates from the outbreak involving alfalfa tablets exhibited identical patterns for 19 primers; however, primer OPA-1 produced one additional 1.8-kb fragment, designated OPA-1-1.8, that was found in the food isolate but not in the corresponding clinical isolate. Hybridization analysis revealed that the absence of the OPA-1-1.8 polymorphic fragment in the clinical isolate was due to a deletion of at least 1.8 kb. Loss of the OPA-1-1.8 polymorphic fragment could not be induced by infective passage of the L. monocytogenes isolate from the alfalfa tablet through a mouse or by growth of this isolate under selective conditions. This suggests that the isolate recovered from the food was not identical to the isolate recovered from the patient. The ability to produce unique RAPD patterns allows for the discrimination between isolates even if they are of the same serotype and multilocus enzyme electrophoretic type.
Listeria monocytogenes is a food-borne pathogen that is ubiquitous in nature. As a result, Listeria contamination occurs quite often in a wide range of foods, such as raw and pasteurized milk, soft cheeses, ice cream, coleslaw, raw meat, fermented sausage, and raw fish (10, 13, 14, 32) . Consumption of contaminated food can cause severe and often fatal infections in susceptible people. Several outbreaks of listeriosis in the past few years have increased the need for rapid, more sensitive methods for the detection and identification of L. monocytogenes strains associated with food-borne illness (13, 14, 17, 32, 33) .
The length of time for the clinical symptoms of listeriosis to become apparent may take from a few days to several weeks after the ingestion of the contaminated food product. This factor, in combination with the lack of sensitive methods of identification, increases the difficulty in tracking and confirming the source of a food-borne infection. The typing methods used in the past have lacked the ability to consistently verify that two different bacterial isolates are actually the same strain. Newer techniques have a greater ability to differentiate two closely related isolates. Current methods include serotyping, phage typing, multilocus enzyme electrophoresis, randomly amplified polymorphic DNA (RAPD) analysis, and whole genome restriction digests (1, 3, 4, 7, 9, 10, 15, 18, 20, 21) . RAPD analysis provides a fast and simple method for differentiating bacterial strains (6, 7, 12, 19. 20, 35) .
RAPD polymorphisms can be used to discriminate between two otherwise indistinguishable isolates of the same serotype (7, 19) . The establishment of identical RAPD patterns allows for the confirmation of a bacterium recovered from a food source that is suspected of being the causal agent in a food poisoning outbreak. Various genetic events give rise to polymorphisms, including primer-template mismatches, deletions or insertions within the primer-binding site, and deletions or insertions between two primer-binding sites, which can either increase the fragment size or prevent amplification (if the distance between two primer-binding sites is greater than 4.0 kb).
One of the largest documented listeriosis outbreaks occurred in 1985 in the state of California. Jalesco cheese, a Mexican-style soft cheese, was implicated in the epidemic. L. monocytogenes was recovered from a sample of a patient's refrigerated Mexican-style cheese as well as from unopened packages of cheese recovered from the factory. It was speculated that the source of L. monocytogenes was raw milk, which was mixed with pasteurized milk during the cheese-making process. The L. moniocytogenes isolates recovered from the cheese and the patients were serotype 4b and electrophoretic type (ET) 1 (17) . Another (31) . One isolated case of listeriosis that occurred in Canada involved the consumption of brie cheese (10) . L. monocytogenes isolates, serotype 1/2b, ET 22 (28) , were recovered from the patient and unopened packages of the brand of soft cheese that he had consumed (11 The RAPD product to be used as a probe was excised from the agarose gel and was purified by using the USBioclean MP DNA purification kit (United States Biochemicals, Cleveland, Ohio). The purified DNA was used as a template for a second PCR, with the same primer used in the initial amplification, to incorporate digoxigenin-11-dUTP. Conditions were identical to those of the initial PCR, except that the concentration of dTTP was reduced to 80 p.M and 20 p.M digoxigenin-1 1-dUTP (Boehringer Mannheim, Indianapolis, Ind.) was added. The digoxigenin-11-dUTP-labelled RAPD band was excised from a 1.0% low-melting-point agarose TBE gel (International Biotechnologies Inc., New Haven, Conn.), and a 100-plI aliquot of water was added to the excised DNA. The mixture was boiled for 10 min, and a 10-pl aliquot was used as a probe for dot blot and Southern hybridizations. The molecular weight markers (bacteriophage X HindIII) were 3' end labelled by using the Klenow fragment of DNA polymerase I and dUTP-1 1-digoxigenin. The hybridization and nonradioactive detection were conducted according to the protocol provided with the alkaline phosphatase-based Genius The two mice that were inoculated perorally were killed by carbon dioxide asphyxiation after 72 h. The brain, liver, and spleen from each mouse were aseptically removed by dissection, macerated, and individually cultured in 10 ml of TSB at 37°C for 12 h. The cultures were then streaked on Listeria agar (Oxford formulation; Unipath Ltd., Basingstoke, United Kingdom). Listeria colonies were identified by blackening the agar after 18 h of incubation at 37°C.
RESULTS
Food and clinical isolates from four outbreaks of listeriosis were analyzed in the study. At least one isolate was recovered from each of the suspected foods and was hypothesized to be the causal strain responsible for the corresponding outbreak. The isolates from the outbreak in 1981 involving coleslaw, the one in 1985 involving Mexican-style cheese, and the one in 1989 involving alfalfa tablets were serotype 4b, ET 1. There was one additional isolate, PP-861, recovered from the alfalfa tablets that was serotype 4b, ET 6 (28), which distinguished this isolate from the clinical isolate. The isolates from the outbreak in 1989 involving brie cheese were serotype 1/2b, ET 22 (28) ( Table 1) .
A total of 20 different 10-mer primers (kit A) were used for the RAPD analysis of the food and clinical L. monocytogenes isolates that were believed to be identical within each of the four outbreaks. Eighteen of the primers produced clear, reproducible patterns for each isolate. OPA-6 produced only one or two faint bands that were not consistently observed in repeated analysis. OPA-1 9 generated patterns that varied in the number of fragments produced for an individual lysate from one reaction to the next. The number of RAPD bands produced for a given primer ranged from 2 to 12, with molecular sizes ranging from 0.1 to 4.0 kb. The RAPD patterns generated with most primers were consistently produced for isolates of the same serotype. These results correspond to those of previous studies, which reported that a selected group of primers yields RAPD patterns that are the same for representatives within a given serotype (7) , while other primers yield more discriminating patterns that differ between strains within a serotype (20) . For example, primer OPA-1 differentiated the serotype 1/2b isolates from the serotype 4b isolates. The difference in the OPA-1 RAPD patterns for each serotype was exemplified by the presence of the 0.8-and 0.85-kb bands unique to the serotype 1/2b isolates (Fig. 1, lanes 2 to 3) and the 0.3-kb band unique&to the serotype 4b isolates (Fig. 2, lanes 2 to 9) . RAPD analysis of the isolates from the outbreak involving alfalfa tablets demonstrated the ability of RAPD analysis to discriminate between L. monocytogenes serovars of the same enzyme ET as well as between serovars of different ETs. For example, primer OPA-1 (Fig. 2) clearly differentiated the food isolates PP-295, PP-296, PP-297, PP-298, PP-299, and PP-397 from the clinical isolate PP-448, all of which were serotype 4b and ET 1. Primer OPA-1 also differentiated the alfalfa tablet isolate PP-861, also serotype 4b, but ET 6 (10), from the other alfalfa tablet isolates, all of which were serotype 4b, ET 1. Figure 1 shows that identical RAPD patterns were produced for the food and clinical isolates involved in the outbreak involving brie cheese. Isolates recovered from that outbreak were serotype 1/2b and ET 22. Primer OPA-1 generated identical patterns for the food isolate PP-395 and the clinical isolate PP-447. A total of five bands ranging in size from 0.8 to 1.4 kb were generated for each isolate for OPA-1.
The RAPD patterns observed for the isolates from the outbreaks involving Mexican-style cheese and coleslaw were identical for the corresponding pairs of food and clinical isolates within each outbreak. For example, primer OPA-13 generated three distinct bands, approximately 0.9, 1.1, and 1.9 kb in size, that were identical for both the Mexican-style cheese isolate PP-22 and the clinical isolate PP-23 (Fig. 3) . The RAPD patterns for the coleslaw isolate and the related clinical isolate were identical for all 20 primers. Primer OPA-20, for example, generated clear, identical patterns for the coleslaw isolate PP-2 and the clinical isolate PP-37 (Fig. 4) ET 6 . In addition to isolates PP-397 and PP-861, five additional isolates recovered from the same primary enrichment from the alfalfa tablets were analyzed ( Table 1 ). The RAPD patterns for all five additional isolates, PP-295, PP-296, PP-297, PP-298, and PP-299, were identical to that for isolate PP-397. The patterns for isolate PP-861 were very similar to those for the other alfalfa tablet isolates, but they were not identical (Fig. 2) genetic basis for these differences remains unclear. The number or extent of genetic differences which define two isolates as being two different strains is not easily resolved (8) . However, the detection of relatively subtle differences will increase as the sensitivity of subtyping assays increases. It is also possible that the primers used for RAPD analysis did not bind to areas adjacent to or within the polymorphism, and no difference between isolates was detected.
RAPD analysis of the food and clinical isolates from the outbreak involving alfalfa tablets resulted in patterns that were identical for all primers tested except OPA-1. Polymorphism OPA-1-1.8 was observed only in the food isolates. Bands of very low intensity varied between reactions. The inability to consistently visualize these bands may have been due to the limited sensitivity of ethidium bromide staining. Another possible explanation for the lack of reproducibility of these very low intensity bands is that the primer may have preferentially bound to primary target sites (exact matches) during the initial amplification, thereby creating more of these target sites for later amplification cycles, resulting in bands of greater intensity. This essentially titers out primer that would have bound to the secondary target sites (one or more mismatches) generating the lower-intensity bands. In addition, the fidelity of primer binding is dependent on PCR conditions, such as the magnesium chloride concentration. An increase in the magnesium chloride concentration to 4 mM resulted in an increase in the number and intensity of RAPD bands (24) . The (19, 20) , and the discriminating ability of primer HLWL74 is limited. Many of the RAPD profiles were similar, differing only in one or two bands of a total of seven or eight bands. The primer discriminates among most isolates of different serotypes; however, two groups of isolates, each group having representatives of four different serotypes, had identical RAPD patterns. This indicates the need for multiple primers when typing L. monocytogenes isolates. We have previously demonstrated that the use of as few as two primers clearly discriminates between isolates of different serotypes (7) . The use of multiple primers generates a greater number of discriminatory bands, increasing confidence in the accuracy of the results.
Preliminary tests in our laboratory of various lysis methods have revealed that the boiling of cells may not provide sufficient lysis. The use of boiled lysates generated variable results from one amplification to the next (data not shown). We have also seen variable results in RAPD patterns when different numbers of cells were used for the lysate. Variability in the efficiency of cell lysis leads to variability in the amount of template available for primer binding. Changes in template concentration result in the appearance and disappearance of RAPD bands (24, 25) . The method for RAPD amplifications of Mazurier et al. (19) did not include cell lysis prior to PCR amplification. Cells were added directly to the reaction tube and were heated at 94°C for 4 min (19) . Differences in the amount of cells lysed from one reaction to the next could be another possible source of the absence of one or two RAPD bands.
RAPD analysis provides a method for the classification of L. monocytogenes strains into groups more specific than serotypes and possibly even more specific than ET. RAPD analysis performed with selected primers can identify and differentiate closely related strains of L. monocytogenes. Previous studies have demonstrated that clinical isolates of L. monocytogenes serotypes 1/2a, 1/2b, 1/2c, 4a, and 4b can be further subdivided into 45 ETs (29) . RAPD profiles clearly differentiated the two isolates PP-397 and PP-861, which were of the same serotype but of a different ET. Five of a total of 20 primers generated different RAPD patterns for each isolate. Twenty-five percent of all primers used were able to discriminate between two strains of different ETs. Furthermore, 1 of 20 primers discriminated between two isolates that were of the same ET.
If the possible number of RAPD patterns were estimated on the basis of an average of six bands per primer and differences in RAPD patterns were scored on the basis of only a single band change, there would be a possible total of 720 different patterns for one primer. If changes in more than one band or band sizes were scored, the total number of possible bands would increase significantly. The large number of potential polymorphic bands suggests that RAPD fingerprinting is a very sensitive method of isolate discrimination.
The isolate recovered from the alfalfa tablets was previously assumed to be the causative agent. However, results of RAPD analysis conflicted with this initial indictment. Although the food isolate was clearly virulent, the actual food source that gave rise to this case of listeriosis remains to be identified. It is also possible that the causative strain was present in, but not recovered from, the alfalfa tablets. RAPD analysis of the food and clinical isolates from the outbreaks involving Mexicanstyle cheese, coleslaw, and brie cheese substantiated the original confirmation of the causal agent implicated in each outbreak. The RAPD technique provides a fast and simple method for the epidemiological confirmation of food-borne bacterial outbreaks.
